Trace element compositions of magnetite and hematite from 16 well-studied iron oxide-copper-gold (IOCG) and iron oxide apatite (IOA) deposits, combined with partial least squares-discriminant analysis (PLS-DA), were used to investigate the factors controlling the iron oxide chemistry and the links between the chemical composition of iron oxides and hydrothermal processes, as divided by alteration types and IOCG and IOA deposit subtypes. Chemical compositions of iron oxides are controlled by oxygen fugacity, temperature, co-precipitating sulfides, and host rocks. Iron oxides from hematite IOCG deposits show relatively high Nb, Cu, Mo, W, and Sn contents, and can be discriminated from those from magnetite + hematite and magnetite IOA deposits. Magnetite IOCG deposits show a compositional diversity and overlap with the three other types, which may be due to the incremental development of high-temperature Ca-Fe and K-Fe alteration. Iron oxides from the high-temperature Ca-Fe alteration can be discriminated from those from high-and low-temperature K-Fe alteration by higher Mg and V contents. Iron oxides from low-temperature K-Fe alteration can be discriminated from those from high-temperature K-Fe alteration by higher Si, Ca, Zr, W, Nb, and Mo contents. Iron oxides from IOA deposits can be discriminated from those from IOCG deposits by higher Mg, Ti, V, Pb, and Sc contents. The composition of IOCG and IOA iron oxides can be discriminated from those from porphyry Cu, Ni-Cu, and volcanogenic massive sulfide deposits.
Introduction
The iron oxides, including magnetite and hematite, are common major or accessory minerals in igneous, sedimentary, and metamorphic rocks, and in various types of mineral deposits (Ramdohr 1980; Dupuis and Beaudoin 2011) . A range of minor and trace elements such as Al, Ti, Mg, Mn, Zn, Cr, V, Ni, Co, and Ga can be incorporated into the inverse spinel structure of magnetite (Buddington and Lindsley 1964; Frost and Lindsley 1991; Dupuis and Beaudoin 2011; Nadoll et al. 2014) . Trace elements in magnetite have been used as provenance indicators of sediments (Grigsby 1990; Razjigaeva and Naumova 1992; Makvandi et al. 2015) , petrogenetic indicators (Barnes and Roeder 2001; Dare et al. 2014) , and as mineral exploration tools (Dupuis and Beaudoin 2011; Boutroy et al. 2014; Sappin et al. 2014; Makvandi et al. 2015 Makvandi et al. , 2016a . They are also widely used to fingerprint various deposit types or ore-forming processes (Müller et al. 2003; Carew 2004; Singoyi et al. 2006; Rusk et al. 2009; Editorial handling: F. Melcher Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00126-018-0825-1) contains supplementary material, which is available to authorized users. Beaudoin and Dupuis 2010; Dupuis and Beaudoin 2011; Dare et al. 2012; Nadoll et al. 2012; Huang et al. 2013 Huang et al. , 2015a Huang et al. , b, 2016 Chen et al. 2015; Knipping et al. 2015b; Liu et al. 2015) .
The composition of magnetite and hematite is controlled by (1) the composition of magma Liu et al., 2015) , or composition of hydrothermal solutions which is determined by the composition of source rocks and fluid-rock interactions along the flow path (Carew 2004; Dare et al. 2012 Dare et al. , 2014 Nadoll et al. 2014; Huang et al. 2016) , (2) the physical and chemical conditions that influence the partition coefficients of elements, such as temperature, pressure, rate of cooling, oxygen fugacity, silica activity (Goldschmidt 1958; Buddington and Lindsley 1964; Fleet 1981; Wechsler et al. 1984; Whalen and Chappell 1988; Ghiorso and Sack 1991; Righter et al. 2006; Sievwright et al. 2017) , and (3) the co-crystallization minerals during which some specific elements may compete with magnetite and hematite (Carew 2004; Dare et al. 2012; Huang et al. 2014; Nadoll et al. 2014) .
The iron oxide-copper-gold (IOCG) deposit class has attracted growing exploration and research interest since the discovery of the giant Olympic Dam deposit (Hitzman et al. 1992) . IOCG deposits are characterized by Cu-sulfides ± Au hydrothermal mineralization with abundant magnetite or hematite. They occur in rocks ranging in age from the Late Archean to the Mesozoic (Williams et al. 2005) . These deposits show a great variation in geological settings, alteration systematics as well as mineralizing fluid compositions (Hitzman et al. 1992; Hitzman 2000; Sillitoe 2003; Williams et al. 2005) . Iron oxide apatite (IOA) deposits are characterized by apatitebearing iron ores lacking copper, gold and polymetallic mineralization beyond rare-earth elements (Williams 2010a) . The IOA deposits studied are also referred to Kiruna-type IOA deposits that are characterized by Tipoor magnetite. IOCG and IOA deposits can be subdivided into hematite, hematite + magnetite, and magnetite groups based on the principal iron oxide (Williams 2010a) . Magnetite-group and hematite-group IOCG deposits form in a variety of hydrothermal environments, across distinct temperature ranges and fluid evolution processes (Skirrow 2010; Williams 2010b) . Magnetite-group IOCG deposits represent the higher temperature part of the IOCG spectrum contrasting with hematite-group deposits, such as Olympic Dam, that are characterized by lower temperature hematite and white mica-dominated alteration (Williams 2010a) . IOA deposits characterize a number of regions worldwide where they generally display an association with calc-alkaline arc magmatism (Barton and Johnson 1996; Williams et al. 2005) . Both magnetite-group and magnetite + hematite-group IOA deposits are commonly enveloped by breccias with magnetite ± hematite ± actinolite matrix that occur within large scale Na ± Ca and hightemperature Ca-Fe alteration systems Williams 2010a; Tornos et al. 2016) .
Both IOCG and IOA deposits are closely associated with extensive hydrothermal alteration, divided into Na to Na-Ca alteration, high-temperature Ca-Fe, high-temperature K-Fe, and low-temperature K-Fe and Ca-Mg alteration types . Different alteration stages have characteristic mineral assemblages, chemical footprints and signatures, metal associations, formation temperature, and fluid composition Montreuil et al. 2013 Montreuil et al. , 2016 .
Different classification schemes of iron oxides from IOCG and IOA deposits have been proposed based on trace element composition of iron oxides. Dupuis and Beaudoin (2011) have proposed the Ca + Al + Mn versus Ti + V and Ni/(Cr + Mn) versus Ti + V diagrams to discriminate IOCG and IOA deposits from Fe-Ti-V, porphyry, skarn deposits, and banded iron formation (BIF). In these diagrams, iron oxides from IOCG deposits can be separated from those from IOA deposits due to lower total Ti and V contents. Knipping et al. (2015b) used a plot of V vs. Cr to distinguish IOA deposits from magmatic Fe-Ti-V, porphyry, and IOCG deposits, on the basis that IOA deposits magnetite has lower Cr, but higher V, concentrations than IOCG deposits. Heidarian et al. (2016) and Broughm et al. (2017) demonstrated that the V versus Ti, V versus Ni + Co, V versus Ni, and V/Ti versus Ni/Ti diagrams, proposed by Loberg and Horndahl (1983) , were useful to discriminate IOA deposits from magmatic Fe-Ti deposits and BIF. Despite the successful application of these diagrams, all of them have limitations with significant overlaps (e.g., Broughm et al. 2017 ). Binary score plots based on partial least squaresdiscriminant analysis (PLS-DA) proved to be efficient in separating IOCG and IOA deposits from porphyry, Ni-Cu, VMS deposits, and VMS-related BIF (Makvandi et al. 2016b) . PLS-DA showed that magnetite from IOCG deposits is characterized higher Si, whereas magnetite from IOA deposits has higher Ti and Co concentrations (Makvandi et al. 2016b) .
In this paper, we selected nine IOCG and seven IOA deposits representing major examples of both deposits, and their related alteration types (Fig. 1 , Online Resource 1; Williams et al. 2005) . These deposits formed in a range of geological environments with different ages, host rocks, and alteration assemblages, which are considered representative for both types of mineral deposits. By investigating the mineral paragenesis with emphasis on magnetite and/or hematite associated with mineralization, trace element composition of magnetite and hematite were determined by electron probe microanalyzer (EPMA) and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS). Based on these petrographic and geochemical analyses, we discuss the factors controlling the iron oxide chemistry and the links between the chemical composition of iron oxides and hydrothermal processes, as divided by alteration types and deposit subtypes.
Sample selection and classification

Sample selection
IOCG deposits include Igarapé Bahia, Alemao, Sossego, Alvo 118, and Salobo from the Carajas district in Brazil, Olympic Dam and Ernest Henry from the Gawler craton and the Cloncurry district, respectively, in Australia, Candelaria from the Central Andes district in Chile, and Kwyjibo from the Grenville Province in Canada ( Fig. 1 and Online Resource 1). IOA deposits include Kiruna (or Kiirunavaara) and Rektorn from the Norrbotten district of northern Sweden, El Romeral from the Central Andes in Chile, Savage River from the Arthur Lineament in Australia, Pilot Knob and Pea Ridge from the Missouri district in the USA, and Lyon Mountain from the Grenville Province in USA ( Fig. 1 and Online Resource 1). For each deposit studied, between one to ten polished sections or polished thin sections sampled from ore zones have been used, from which three to four magnetite and/or hematite grains have been analyzed by at least three spots per grain with the EPMA. The selected grains are in equilibrium with other mineral grains in order to avoid elemental exchange after their formation. Iron oxide grains with re-equilibration textures Huang et al. 2018 ) are excluded because the chemical composition of these grains may have been modified during replacement. Selected larger grains were also analyzed by LA-ICP-MS.
Sample classification
Deposit subtypes
Williams (2010a) suggested that IOCG and IOA deposits can be subdivided into hematite, hematite + magnetite, and magnetite groups based on the nature of the principal iron oxides present. Each of these groups includes a number of different deposit subtypes that exhibit significantly different physical property distributions (e.g., density, remanence, conductivity, radiometric K and U). According to the type of major iron oxides, the deposits are divided into magnetite-group IOCG deposits, hematite-group IOCG deposit, magnetite-group IOA deposits, and magnetite + hematite-group IOA deposits (Online Resource 1). Corriveau et al. (2010 Corriveau et al. ( , 2016 proposed an alteration zoning model that frames the evolution of iron oxide and alkalicalcic hydrothermal systems and their iron oxide-apatite and magnetite-and hematite-group IOCG deposits. They defined five main alteration stages, reflecting declining temperature and increasing oxygen fugacity. The main alteration types are Na, high-temperature Ca-Fe, hightemperature K-Fe, low-temperature and hydrolytic K-Fe as well as transitional Na-Ca-Fe, skarn, potassic felsite, potassic skarn, and low-temperature Ca-Mg alteration.
Alteration types
Early Na (± Ca) and high-temperature Ca-Fe (± Na) alteration zones are commonly laterally extensive, regional in scale and commonly lack polymetallic mineralization unless replaced by fertile K-Fe alteration types. Sodic alteration principally results in albitite, which generally contains variable amounts of scapolite and cryptocrystalline quartz . The Ca-Fe alteration consists of variable proportions of amphibole (actinolite or hornblende) and magnetite as well as accessory apatite, garnet, and clinopyroxene. With garnet and clinopyroxene, epidote is commonly part of earlier skarn assemblages formed after, or coeval, with albitization and subsequently incrementally replaced by amphibole during hightemperature Ca-Fe alteration. The high-temperature K-Fe alteration consists of variable proportions of K-feldspar, magnetite, and biotite, whereas the low-temperature K-Fe alteration consists of hematite, chlorite, K-feldspar, white mica (sericite), carbonates, and quartz. All the samples were classified according to the alteration type that hosts the IOCG or IOA mineralization based on the mineral assemblages observed in thin sections and alteration description in literature (Online Resource 2).
Methodology
Analytical methods
EPMA analyses
Major and minor/trace elements in iron oxides were analyzed at Université Laval using a CAMECA SX-100 EPMA, equipped with five wavelength-dispersive spectrometers, using a 10-μm-diameter beam with a voltage of 15 kV and a current of 100 nA. Minor and trace elements K, Ca, Al, Si, Ti, Mg, Mn, Cr, V, Sn, Cu, Zn, and Ni typically have element concentrations commonly above the detection limit. Analytical conditions are similar to those described by Boutroy et al. (2014) . Calibration was achieved using a range of natural and synthetic standards, comprising simple oxides (GEO Standard Block of P and H Developments) and natural minerals (Mineral Standard Mount MINM 25-53, Astimex Scientific) (Jarosewich et al. 1980) . The background was measured on one side of the peak for 15-20 s at a position free of interfering element Xray and the concentration was counted over the peak for 20 to 40 s depending on the element. Detection limits are1 00 ppm for Zn;~80 ppm for Cu;~60 ppm for Ni; 40-50 ppm for V, Cr, Mn, and Sn; and 15-25 ppm for K, Ca, Ti, Al, Si, and Mg (Online Resource 3). Boutroy et al. (2014) . A single Fe-rich reference material, GSE-1G containing all the required elements, was used for calibration (Savard et al. 2012) . To monitor the quality of the analyses, reference materials GSD-1G and BC28 (natural magmatic magnetite) were routinely analyzed. Data reduction was carried out using the software Iolite. Lines were ablated across the width of a magnetite grain for a period ranging from 20 to 60 s depending on the grain size, after monitoring a gas blank for 20-30 s. Iron was used as the internal standard to compute concentration assuming stoichiometric magnetite 
LA-ICP-MS analyses
Statistical methods
Estimation of average composition
Electron microprobe and LA-ICP-MS datasets are typically censored because they contain non-detects that are below the computed minimum detection limits (Helsel 2005) . The average composition of iron oxides is estimated using the nonparametric Kaplan-Meier (K-M) method (NADA package in R; Lee and Helsel 2007) .
Data preprocessing and partial least squares-discriminant analysis
In order to investigate the possible factors controlling the variations of trace element composition of iron oxides and unravel the relationships between iron oxide chemistry and host rocks, alteration and deposit types, the individual EPMA and LA-ICP-MS analyses were investigated by partial least squares-discriminant analysis (PLS-DA). PLS-DA can also identify discriminant elements separating different sample classes based on iron oxide compositions. Seven of thirteen elements analyzed by EPMA are investigated by PLS-DA, whereas K, Sn, Cu, Zn, Ni, and Cr were excluded because the dataset contains more than 40% censored data. According to this criterion, Y, P, Ta, and Hf, analyzed by LA-ICP-MS, are not considered for PLS-DA. Censored compositional data were imputed using the knearest neighbors function with the Aitchison distance (robCompositions package in R; Hron et al. 2010; Makvandi et al. 2016b) . Geochemical data, summed to 100%, can lead to spurious correlations when studying co-variations (Aitchison 1986; Whitten 1995) . This is referred as the "closure problem," inherent to all compositional datasets (Aitchison 1986) . In this study, data were transformed using centered-log ratio (clr) method (Thió-Henestrosa and Martín-Fernández 2005) that is a suitable method for multivariate statistical techniques such as PLS-DA (Aitchison 1986; Egozcue et al. 2003; Makvandi et al. 2016b) .
Statistical analysis was carried out using PLS-DA method as described in Makvandi et al. (2016b) . PLS-DA is a supervised classification technique using labeled data, which sharpens the separation between groups of observations by rotating principal components, and results in the maximum separation among classes and the identification of the variables responsible for the separation of different classes (De Iorio et al. 2008 ). In the PLS-DA method, a series of orthogonal components (latent variables) are extracted to relate the X (N × K) and Y (N × M) matrices by maximizing the covariance between the two matrices using the following equations (Wold et al. 2001; Eriksson et al., 2013; Brereton and Lloyd 2014) :
where T (N × r) is the score matrix containing r orthogonal PLS components (scores). The T matrix represents the common latent variable space of both X and Y matrices. For Eqs.
(1)-(3), P (N × r) and Q (M × r) are the loadings matrices for X and Y, respectively. The weight matrix (W*) consists of the coefficients of the linear combinations of the X variables that are the most predictive of Y, whereas E and F are the model residuals.
Following Makvandi et al. (2016b) , loadings and weights biplots (qw* 1 -qw* 2 ), score scatter plots (t 1 -t 2 ), score contribution plots, and variable importance on projection (VIP) plots were generated for different datasets.
Loadings biplots indicate the correlation among different variables (elements), and the relationship between the variables and different sample classes (e.g., host rock/deposit type/alteration type). The loading values show the impact of elements on the model, and the sign of the values indicates the positive or negative correlation between the elements. As a result, elements that plot in the vicinity of each other in the PLS-DA loadings space show strong positive correlations, and they are negatively correlated to those in an opposite quadrant. The correlation among variables and sample classes control the distribution of samples in the score scatter plots. Score contribution plots depict the compositional differences between the mean composition of a cluster (sample group) and the mean composition of the whole dataset. Given that data is mean-centered prior to PLS-DA, the origin of score scatter plots represents the mean composition of the whole dataset (Makvandi et al. 2016b) . The VIP plots are also used to indicate the impact of different variables on the sample classification, where VIP values equal and/or larger than 1 are the most important in the classification (Eriksson et al. 2013) .
Results
Petrography of mineralization and alteration
The mineral assemblages of each thin section are characterized by macroscopic and microscopic observation (Online Resource 2). Combined with the description of hydrothermal alteration in each deposit, the mineral assemblages in thin section are used to define deposit subtypes and alteration types.
Igarapé Bahia
The main iron oxide in the Igarapé Bahia Cu-Au deposit is magnetite (Fig. 2a) , and thus this deposit is classified into magnetite-group IOCG deposits. The hydrothermal alteration and mineralization at this deposit is characterized by (1) Fe metasomatism leading to the formation of grunerite, fayalite, and/or Fe oxides (magnetite and/or hematite), (2) carbonate alteration (mainly siderite), (3) chalcopyrite and bornite, (4) quartz-poor gangue, (5) low REE, and (6) enrichment in U and Co from early to late (Tazava and De Oliveira 2000; Tallarico et al. 2005; Dreher et al. 2008) . Three samples from this deposit have similar mineral assemblages of magnetite, chalcopyrite, and siderite (Fig. 2a) , which is typical of Fe metasomatism. Magnetite is subhedral to euhedral with grain size from a few microns to~300 μm (Fig. 2a) . The primary Cu-Au mineralization in Igarapé Bahia is closely related to Fe chlorite, siderite, and magnetite-rich breccias (Tallarico et al. 2005) . Magnetite breccias exhibit a granular matrix of euhedral magnetite cemented by chalcopyrite and bornite, Fig. 2 Photomicrographs of ores from the IOCG deposits. All images are acquired by back-scattered electron (BSE) imaging except one in (g) by reflected light. a Ore from the Igarapé Bahia deposit (F332A) where magnetite and chalcopyrite are brecciated and cemented by siderite. b Ore from the Alemao deposit (Alemao) consisting of subhedral magnetite and accessory apatite replaced by quartz, chlorite, and minor chalcopyrite. c Ore from the Sossego deposit (080) composed of euhedral to subhedral magnetite and apatite and minor chalcopyrite cut by a quartz and calcite assemblage. d Ore from the Sossego deposit (F259) composed of subhedral magnetite, apatite, actinolite, and chalcopyrite. e Magnetite grains from the Sossego deposit (SOS_39K) with exsolution lamellae of rutile and ilmenite. Fractures of magnetite are filled by chlorite. f Ore from the Alvo 118 deposit (AF443) composed of euhedral to subhedral magnetite and chalcopyrite replaced by chlorite. g Part of magnetite from the sample AF443 of the Alvo 118 deposit was transformed to hematite. h Ore from the Salobo deposit (F159) composed of magnetite, biotite, and minor grunerite and chalcopyrite. i Ore from the Olympic Dam (OD3) consisting of hematite, K-feldspar, quartz, and minor chalcopyrite and rutile. j Ore from the Ernest Henry deposit (EH1) composed of magnetite, K-feldspar, apatite, quartz, and chalcopyrite. k Ore from the Candelaria deposit (LD367B) composed of magnetite, K-feldspar, actinolite, and chalcopyrite. l Euhedral magnetite in ore from the Candelaria deposit (Candelaria) was filled by actinolite, biotite, and chalcopyrite. Ab albite, Act actinolite, Ap apatite, Bt biotite, Cal calcite, Ccp chalcopyrite, Chl chlorite, Ep epidotite, Gru grunerite, Hem hematite, Ilm ilmenite, Kfs K-feldspar, Rt rutile, Sd siderite, Ttn titanite, Mag magnetite, Qz quartz together with minor grunerite, actinolite, minnesotaite, biotite, stilpnomelane, K-feldspar, tourmaline, fluorite, siderite, ankerite, and uraninite (Tallarico et al. 2005 ). This mineral assemblage defines a distinctive K-Fe-enriched zone in the deposit (Tallarico et al. 2005) , belonging to the high-temperature K-Fe alteration facies.
Alemao The main iron oxide in the Alemao Cu-Au deposit is magnetite (Fig. 2b) , which defines this deposit as a magnetite-group IOCG deposit. The hydrothermal alteration at Alemao includes (1) Fe metasomatism leading to the formation of grunerite, fayalite, and/or Fe oxides (magnetite and/or hematite), (2) intense chloritization (Mg and Fe chlorite), (3) biotitization, (4) chalcopyrite and bornite, (5) intense carbonate alteration (mainly siderite), and (6) local silicification and tourmalinization from early to late (Barreira et al. 1999; Ronzê et al. 2000) . One sample contains subhedral magnetite and accessory apatite replaced by an assemblage of quartz and chlorite (Fig. 2b) . Magnetite is interpreted to form part of the high-temperature Ca-Fe alteration facies.
Sossego The iron oxides in the Sossego Cu-Au deposit include magnetite and ilmenite ( Fig. 2c-e) , and thus this deposit is classified as a magnetite-group IOCG deposit. It consists of two major groups of orebodies, Sequeirinho-Pista-Baiano (SPB) and Sossego-Curral (SC), with distinct types of hydrothermal alteration. The SPB orebodies have undergone regional sodic alteration (albite) and later actinolite-rich hightemperature Ca-Fe alteration associated with the formation of massive magnetite-(apatite) bodies (Monteiro et al. 2008a, b; Xavier et al. 2012) . Spatially restricted zones of hightemperature K-Fe (biotite and K-feldspar) alteration overprint the Ca-Fe assemblage and grade outward to chlorite-rich zones. Within the SC orebodies, early albitic and subsequent high-temperature Ca-Fe alteration are poorly developed, whereas the high-temperature K-Fe alteration assemblages mark the onset of the mineralization and grade outward to a widespread zone of chlorite and late hydrolytic lowtemperature K-Fe (sericite-hematite-quartz) alteration crosscut by calcite veins (Monteiro et al. 2008a, b; Xavier et al. 2012) . Three samples, 080, 081, and 084, are from the SC orebodies, and the other three samples, F263P, F259, and SOS_39K, are from the SPB orebodies. Samples from the SC orebodies have a similar mineral assemblage of magnetite, apatite, actinolite, quartz, calcite, and chalcopyrite (Fig. 2c) . Magnetite is anhedral to subhedral and is associated with apatite and chalcopyrite. Samples from the SPB orebodies are composed of magnetite, apatite, actinolite, and chalcopyrite ( Fig. 2d) . Some magnetite grains have exsolution lamellae of rutile and ilmenite (Fig. 2e ). All samples from the Sossego deposit are grouped into the high-temperature CaFe alteration type.
Alvo 118 The iron oxides in the Alvo 118 Cu-Au deposit include magnetite and minor hematite (Fig. 2f, g ), which classifies this deposit as a magnetite-group IOCG deposit. It is hosted by mafic to felsic metavolcanic rocks and crosscutting granitoid and gabbro intrusions. Several hydrothermal alteration zones formed toward the ore zones: (1) poorly developed Na alteration (albite and scapolite); (2) high-temperature K-Fe alteration (biotite or Kfeldspar) accompanied by magnetite and silicification; (3) widespread, pervasive chlorite alteration spatially associated with quartz-carbonate-sulfide cemented breccia and vein stockworks (low-temperature Ca-Mg); and (4) local post-ore quartz-sericite alteration (Torresi et al. 2012; Xavier et al. 2012) . One sample (AF443) from the Alvo 118 deposit is composed of magnetite, hematite, chalcopyrite, chlorite, and quartz ( Fig. 2f, g ). Magnetite is subhedral to euhedral and associated with chalcopyrite. Chlorite and quartz are interstitial to magnetite and chalcopyrite ( Fig. 2g ). Because magnetite formation was closely related to potassic minerals (Torresi et al. 2012) , the sample from this deposit is classified into high-temperature K-Fe alteration type.
Salobo The Salobo Cu-Au-Ag deposit is defined as a magnetite-group IOCG deposit (Fig. 2h) . The ore-bearing, magnetite-rich rocks are the product of strong Fe-K alteration at high temperatures (550-650°C) and have been deformed and mylonitized (Lindenmayer and Teixeira 1999; Requia and Fontboté 2000; Requia et al. 2003) . The Fe-K alteration is replaced by widespread chlorite alteration (< 370°C) accompanied by the formation of calcite, epidote, albite, sericite, quartz, and fluorite ). In the magnetite-rich rocks, chlorite replaces the Fe-Mg silicates (almandine, biotite, and hastingsite) and was followed by formation of greenalite around fayalite and grunerite associated with fluorite and uraninite (Lindenmayer and Teixeira 1999; Requia and Fontboté 2000; Xavier et al. 2012) . Four samples from this deposit are composed of magnetite, biotite, and minor grunerite and chalcopyrite (Fig. 2h) , which are attributed to the high-temperature K-Fe alteration. Magnetite occurs as massive aggregates associated with biotite. Chalcopyrite is disseminated in biotite or grows along the margin of magnetite (Fig. 2h ).
Olympic Dam
The main iron oxide in the Olympic Dam Cu-U-Au-Ag deposit is hematite (Fig. 2i) , the archetype of hematite-group IOCG deposit (Williams 2010a ). The key hydrothermal alteration assemblages are magnetite-pyritefluorapatite, and hematite-sericite-K-feldspar-chlorite-carbonate ± Fe-Cu sulfides ± U and REE minerals (Bastrakov et al. 2007; Apukhtina et al. 2017; Kontonikas-Charos et al. 2017) . These two alteration assemblages reflect the transition from early, high-temperature, and reduced fluids, followed by late, low-temperature, oxidized fluids, and from sulfide to sulfate-dominated conditions of low-temperature K-Fe alteration (Ehrig et al. 2012 . Ten samples from this deposit are composed of hematite, K-feldspar, quartz, and minor chalcopyrite and rutile (Fig. 2i) .
Ernest Henry The Ernest Henry Cu-Au deposit is a typical magnetite-group IOCG deposit ( Fig. 2j; Williams 2010a) . Hydrothermal alteration and mineralization is characterized by a regional pre-ore Na and Na-Ca alteration, overprinted by a pre-ore K-Fe-(Mn-Ba)-rich alteration that is represented by intense biotite-magnetite and magnetite-K-feldspar assemblage, and less common K-feldspar-garnet (manganese-rich) alteration (Mark et al. 2006; Corriveau et al. 2010; Rusk et al. 2010 ). K-feldspar alteration is most intense in the vicinity of copper-gold mineralization, and forms a halo extending from several hundred meters up to 2 km beyond the ore body (Mark et al. 2006) . Four samples from this deposit have a similar mineral assemblage of magnetite, K-feldspar, and minor apatite, quartz, and chalcopyrite ( Fig. 2j) , which belong to the high-temperature K-Fe alteration.
Candelaria The main iron oxide in the Candelaria Cu-AuAg deposit is magnetite ( Fig. 2k, l ; Williams 2010a). Alkali metasomatism is widespread in Candelaria, including sodic (albite and/or marialitic scapolite) or K-Fe (biotite and/or K-feldspar) alteration related to ore formation (Marschik and Fontboté 2001; Marschik et al. 2003) . The Cu-Fe (chalcopyrite + magnetite ± hematite) ores are associated with biotite-potassium feldspar ± calcic amphibole ± epidote alteration at Candelaria (Marschik and Fontboté 2001) . Ten samples were chosen in this deposit, which have a mineral assemblage of magnetite, K-feldspar, actinolite, biotite, and chalcopyrite (Fig. 2k, l) of the hightemperature K-Fe alteration type. Magnetite is subhedral to euhedral and commonly contains inclusions of actinolite, biotite, and chalcopyrite (Fig. 2l) .
Kwyjibo The iron oxide in the Kwyjibo Cu-REE-Mo-F-UAu deposit is mainly magnetite (Fig. 3a, b) . The hydrothermal alteration at Kwyjibo is characterized by widespread Ca-Fe alteration and locally important high-temperature K-Fe and Na-Ca alteration, hematitization, silicification, and late sodic alteration (Gauthier et al. 2004; Clark et al. 2005 Clark et al. , 2010 Corriveau et al. 2007 ). Early Ca-Fe and K-Fe alteration with Na depletion results in vein magnetite-titanite mineralization. Late sodic alteration is local and associated with sulfides. Hematite crystallized relatively early, during shearing, and also at a late stage as an alteration product of magnetite. Peripherally to the magnetite-rich deposits at Kwyjibo, base metal sulfides were deposited in association with a strong calcic-silicate alteration. Three samples from this deposit have a mineral assemblage of magnetite, K-feldspar, biotite, quartz, and minor titanite (Fig. 3a, b) , which belong to the high-temperature K-Fe alteration.
Kiruna The main iron oxide in the Kiruna Fe deposit is magnetite (Fig. 3c) , and therefore this deposit is a magnetite-group IOA deposit. Host rock alteration around Fe orebodies is characterized by actinolite and biotite of the high-temperature CaFe alteration type (Carlon 2000) . The sample from the Kiruna deposit consists of magnetite, apatite, actinolite, and minor chlorite and biotite (Fig. 3c) . Magnetite is subhedral to euhedral and has grain size ranging from1 00 to 1000 μm.
Rektorn The iron oxides in the Rektorn Fe deposit include magnetite and hematite (Fig. 3d, e) , and therefore this deposit is classified as magnetite + hematite-group IOA deposit. The Rektorn Porphyry in the lowest part of hanging wall rocks is strongly altered rhyolite that varies from a massive K-feldspar to a strongly silicified rock containing spherulitic aggregates of K-feldspar and disseminated hematite (Geijer 1910; Martinsson et al. 2016) . Sericite commonly occurs as a late-stage pervasive alteration in shear zones, but also occurs as patches or lenses of massive sericite containing radiating aggregates of tourmaline. The sample from the Rektorn deposit is composed of magnetite, hematite, apatite, and minor K-feldspar and monazite and belongs to high-temperature Ca-Fe alteration (Fig. 3d, e) . Magnetite is anhedral and was partly or nearly wholly transformed to hematite (Fig. 3d) .
El Romeral The main iron oxide in El Romeral is magnetite (Fig. 3f) , and therefore this Fe deposit is classified as magnetite-group IOA deposit. The hydrothermal alteration in this deposit is represented by actinolitization, chloritization, argillization, and martitization (Bookstrom 1977) . Magnetite deposition was accompanied by pervasive actinolitization, followed by chloritization and alteration of previously actinolitized diorite and phyllite. Altered rocks within and around the orebodies contain magnetite, actinolite, plagioclase, diopside, clinozoisite, titanite, chlorapatite, marialitic scapolite, tourmaline, chlorite, pyrite, calcite, mica, and clays (Bookstrom 1977) . The sample from the El Romeral deposit consists of magnetite, actinolite, and minor albite (Fig. 3f) , which indicates high-temperature Ca-Fe alteration.
Savage River The Savage River is a magnetite-group IOA deposit (Fig. 3g ). This deposit consists of several lenses of magnetite-rich ore with amphibole (dominantly tremolite-actinolite), serpentine, talc, dolomite, calcite, pyrite, chlorite, albite, quartz, apatite, and hematite (Green 2012) . The sample from the Savage River deposit is mainly composed of magnetite and serpentine (Fig. 3g) . Minor chalcopyrite is disseminated in magnetite. The sample is ascribed to hightemperature Ca-Fe alteration based on the abundance of amphibole (Green 2012) .
Pilot Knob The iron oxides in the Pilot Knob Fe deposit include magnetite and hematite (Fig. 3h, i) , and thus this deposit is defined as magnetite + hematite-group IOA deposit. Wall rock alteration is rare at Pilot Knob, where minor sericite replaces albite and K-feldspar. Late-stage hydrothermal quartz veins containing chlorite and epidote, and orthoclase veins cut the ore (Nold et al. 2013 ). The dominant gangue minerals are albitic plagioclase, K-feldspar, quartz, and chlorite. The sample is composed of magnetite, hematite, apatite, chlorite, and quartz (Fig. 3h, i) , which belongs to the high-temperature CaFe alteration.
Pea Ridge The iron oxides in the Pea Ridge Fe deposit are mainly magnetite and hematite (Fig. 3j, k) , and thus this deposit is classified as magnetite + hematite-group IOA deposit. Alteration at Pea Ridge includes silicification, potassic metasomatism, and alteration of the host rocks to actinolite, chlorite, epidote, and garnet (Nuelle et al. 1992; Day et al. 2016 ).
The amphibole-quartz zone represents the earliest phase of alteration related to ore formation. Specular hematite is partly the result of replacement of magnetite. During and after the development of specularite, a massive silicified zone forms by filling empty spaces and the replacement of the host rock. The K-Fe (K-feldspar and magnetite) alteration and sericitization (sericite and hematite) accompany silicification. The sample from the Pea Ridge deposit consists of magnetite, hematite, apatite, quartz, minor pyrite, biotite, and monazite and belongs to the hightemperature Ca-Fe alteration (Fig. 3j, k) .
Lyon Mountain
The main iron oxides in the Lyon Mountain deposit are magnetite and hematite (Fig. 3l) and thus belongs to the magnetite + hematite-group IOA deposit type. The main Fe mineralization is characterized by "skarnlike" clinopyroxene-magnetite ± apatite assemblages associated with migmatization and mylonitization and occasionally potassic alteration (McLelland et al. 2002; Valley et al. 2010) . Two samples from Lyon Mountain are composed of magnetite, albite, apatite, and minor K-feldspar and quartz (Fig. 3l) , which belong to the high-temperature Ca-Fe alteration.
Average trace element composition of iron oxides (Fig. 4a, c) . For IOA deposits, samples from the Kiruna deposit have lower Ti content, whereas those from the Lyon Mountain have lower V content (Fig. 4b, d ). LA-ICP-MS data show that samples from different IOCG deposits have Y, P, Pb, Zr, W, Ta, Nb, Mo, Sn, V, Ni, and Cr contents varying between one and three orders of magnitude (Fig. 4c) , whereas samples from different IOA deposits have Ca, Y, Pb, Zr, W, Sc, Ta, Nb, Sn, Mg, and Co contents varying from one to four orders of magnitude (Fig. 4d) . Samples from the Pea Ridge deposit show W and Sn enrichment relative to other IOA deposits (Fig. 4d) . Average trace element compositions of each deposit are plotted in Ca + Al + Mn versus Ti + V and Ni/(Cr + Mn) versus Ti + V diagrams proposed by Dupuis and Beaudoin (2011) . In general, LA-ICP-MS data have lower Ni/(Cr + Mn) ratios than EPMA data, which is mainly due to lower detection limit for Ni and Cr (Fig. 5a ). LA-ICP-MS data have slightly higher Ca + Al + Mn values than EPMA data (Fig. 5b) , which may be due to some undetected mineral inclusions during LA-ICP-MS analysis. Most deposits have LA-ICP-MS Ti + V contents slightly higher than EPMA Ti + V contents, with the exception of Olympic Dam and Salobo deposits (Fig. 5a, b) . The slightly higher EPMA Ti + V contents than LA-ICP-MS Ti + V contents in Salobo magnetite may be due to higher EPMA detection limits of these elements, whereas the higher EPMA Ti + V contents (0 .23 wt.%) than LA-ICP-MS Ti + V contents (~0.08 wt%) in Olympic Dam hematite are due to microscopic Ti-rich mineral inclusions in sample OD2 that was analyzed by EPMA but not by LA-ICP-MS. This likely explains why LA-ICP-MS data from Olympic Dam plot in the IOCG field, whereas EPMA data of this deposit plot between the Kiruna and Porphyry fields (Fig. 5a, b) . As shown in Fig. 5a , three IOCG deposits plot in the IOCG field and four IOA deposits in the Kiruna field. Both EPMA and LA-ICP-MS data of Sossego plot above the Kiruna field, whereas those of Kiruna, Pea Ridge, and El Romeral plot in the Porphyry field (Fig. 5a ). However, in the Ca + Al + Mn versus Ti + V diagram (Fig. 5b) , most IOCG and IOA deposits plot in the IOCG and Kiruna fields, respectively, indicating that this diagram is more reliable. The exceptions are Candelaria, which plots at the Porphyry field, and Sossego, which plots at the boundary between Porphyry and Kiruna fields.
Chemical composition of iron oxides from different deposit and alteration types
The minimum, maximum, median, and average trace element contents of iron oxides from different deposit and alteration types are shown in Fig. 6 . EPMA analyses show that iron oxides from different subtypes of IOCG and IOA deposits have different trace element concentrations. Iron oxides from the hematite-group IOCG deposits have relatively high Si, Ca, Al, Sn, Cu, and Ti contents but low Mn, Mg, V, and Ni contents, whereas those from the magnetitegroup IOCG deposits are characterized by relatively high Mn contents (Fig. 6a) . Iron oxides from the magnetitegroup IOA deposits have relatively high Mg, Zn, V, and Ni contents and low Si, K, Ca, and Ti contents, whereas those from the magnetite + hematite-group IOA deposits are characterized by relatively high Ti but low Al contents (Fig. 6a) . LA-ICP-MS analyses show that magnetite-group IOCG deposits are characterized by relatively low Pb, Zr, and Sc and high Ga, Mn, Zn, Ni, and Cr, whereas those from the hematite-group IOCG deposits are characterized by high Si, Ca, Pb, Zr, W, Sn, Nb, Cu, and Mo but low Ga, Mn, Mg, Ti, Co, V, Ni, and Cr (Fig. 6b) . Iron oxides from the magnetite-group IOA deposits have relatively high Mg, Co, and V contents and low Si, Ca, W, Sn, Nb, and Mo contents, whereas those from the magnetite + hematitegroup IOA deposits have relatively high W, Sc, and Ti contents but low Al, Mg, and Zn contents (Fig. 6b) .
EPMA analyses show that iron oxides from the hightemperature Ca-Fe alteration have relatively high Mg, V, and Ni contents, but relatively low K and Al contents (Fig. 6c) . Iron oxides from high-temperature K-Fe alteration have relatively high Mn and Cr contents, whereas those from low-temperature K-Fe alteration have relatively high Si, Ca, Sn, Cu, and Ti contents but relatively low Mn, Mg, V, and Ni (Fig. 6c) . LA-ICP-MS analyses show that iron oxides from high-temperature Ca-Fe alteration have relatively high Mg, Ti, Co, V, and Ni contents and low Ca, Al, Ge, Sn, Cu, and Mo contents (Fig. 6d) . Iron oxides from high-temperature K-Fe alteration have relatively high Mn, Zn, and Cr contents but low Zr, W, and Nb contents, whereas those from the lowtemperature K-Fe alteration have relatively high Si, Ca, Pb, Zr, W, Sn, Nb, Cu, and Mo contents but low Ga, Mn, Mg, Ti, Co, V, Ni, and Cr contents (Fig. 6d) .
PLS-DA results of iron oxide composition
Host rocks
The studied deposits are divided into three groups according to the types of host rocks, volcano-sedimentary rocks, volcanic rocks, and granitic rocks (Online Resource 1). Figure 7 shows the PLS-DA results of EPMA and LA-ICP-MS data of iron oxides classified by different host rocks. PLS-DA of iron oxide EPMA data shows that despite forming overlapping clusters in t 1 -t 2 , samples hosted by granitic rocks plot in the right side of t 1 due to correlated Si, Ti, and Al and inversely correlated to V (Fig. 7a, b) . Iron oxides hosted by volcanic rocks are discriminated by correlated V and Mn from those hosted by volcanosedimentary rocks that show Mg and Si covariation (Fig. 7a, b) . The overlapping of iron oxide compositions divided by types of rocks in t 1 -t 2 (Fig. 7b) indicates that EPMA Si, Ca, Mg, Mn, Al, Ti, and V values are poor discriminators for host rocks. PLS-DA of LA-ICP-MS data shows that samples with more elemental variables result in better separation of iron oxides from different host rocks. Samples hosted by granitic rocks are characterized by correlated Pb, Ge, Sn, Cu, Mn, and Zn (Fig. 7c ) and negative (Dupuis and Beaudoin 2011) . BIF banded iron formation, Skarn Fe-Cu skarn deposits, IOCG iron oxidecopper-gold deposits, Porphyry porphyry Cu deposits, Kiruna Kiruna apatite-magnetite deposits. Gray line links EPMA and LA-ICP-MS average compositions for the same deposit t 2 values (Fig. 7d) . Samples hosted by volcanosedimentary rocks plot in the negative side of t 1 due to correlated Nb, Mo, Ni, and Cr, whereas samples hosted by volcanic rocks plot on the positive side of t 2 due to correlated Pb, Sc, Mg, Ti, and V (Fig. 7c, d ).
Deposit types
PLS-DA of EPMA data shows that iron oxides from IOA deposits are positively correlated to Mg and V, whereas those from IOCG deposits are positively correlated to Si and Al (Fig. 8a, b) . IOCG and IOA deposits can be separated in the t 1 -t 2 space by Si, Ca, Al, Mn, Mg, Ti, Co, and Ni compositions of iron oxides (Fig. 8b) . However, nearly half of IOCG and IOA iron oxide compositions overlap (Fig. 8b) indicating that PLS-DA of EPMA data has limited efficiency in discriminating these two deposit types. In contrast, PLS-DA of LA-ICP-MS data shows that iron oxides from the IOA deposits can be separated from IOCG deposits with slight overlapping due to covariation of Pb, Sc, and V (Fig. 8c, d ). Score contribution diagrams for both EPMA (Fig. 8e, f) and LA-ICP-MS (Fig. 8g, h ) data show that distinct, opposite chemical signatures separate iron oxides from IOCG deposits from those from IOA deposits. The score contribution plots show that positive contribution of Al, Ge, Si, Nb, Cu, Mo, Ga, and Zn Fig. 6 Multi-element box and whisker plots for EPMA and LA-ICP-MS trace element data of iron oxides from different deposit subtypes (a, b) and alteration types (c, d). Boxes outline the 25th to 75th percentiles and whiskers extend to the minimum and maximum values. Short line within the box represents the median value, whereas circle filled by white on the whisker represents the average value. Trace element contents below the limit of detection were removed from the box and whisker plots. HemIOCG hematite-group IOCG deposits, MagIOCG magnetitegroup IOCG deposits, MagIOA magnetite-group IOA deposits, MagHemIOA magnetite + hematite-group IOA deposits, HT Ca-Fe high-temperature Ca-Fe alteration, HT K-Fe hightemperature K-Fe alteration, LT K-Fe low-temperature K-Fe alteration discriminates iron oxides from the IOCG deposits, whereas positive contribution of Pb, Sc, V, and Mg discriminates those from the IOA deposits (Fig. 8e-g ).
PLS-DA of EPMA data shows that iron oxides from hematite-group IOCG deposits plot in the left side of t 1 -t 2 because of correlated Ca, Ti, and Si, whereas those from magnetite-group IOA deposits plot in the right side of t 1 -t 2 due to covariation of Mg and V (Fig. 9a, b) . Iron oxides from magnetite + hematite-group IOA deposits are near the center of the scores plot and thus are not well classified (Fig. 9b) . Although samples from the magnetite-group IOCG deposits are dispersed in t 1 -t 2 , their distribution indicates that they are positively correlated to Al and Mn and negatively correlated to V and Mg (Fig. 9a, b) . Therefore, PLS-DA of EPMA data efficiently discriminate magnetite-group IOA deposits from other types of deposits, but cannot discriminate magnetite + hematite-group IOA, magnetite-group and hematite-group IOCG deposits. The classification of iron oxide groups from different IOCG and IOA deposits is improved by PLS-DA of LA-ICP-MS data since more elements are used (Fig. 9c, d ). Iron oxides from hematite-group IOCG deposits plot in the negative t 1 and t 2 region due to covariation of Nb, Cu, Mo, W, and Sn, whereas those from magnetite + hematite-group IOA deposits plot in the negative t 1 , positive t 2 region, due to covariation of Sc, Pb, and Zr (Fig. 9c, d ). Iron oxides from hematite-group IOCG deposits can be separated from those of magnetite + hematite-group IOA deposits and magnetitegroup IOA deposits by t 2 (Fig. 9d) . Iron oxides from magnetite-group IOA deposits plot in the high, positive t 1 side due to covariations of Pb and V (Fig. 9d) . Iron oxides Gray lines in (e) and (f) represent the VIP value of 1. Elements with VIP value higher than 1 are the most important in the classification. HemIOCG hematite-group IOCG deposits, MagIOCG magnetite-group IOCG deposits, MagIOA magnetite-group IOA deposits, MagHemIOA magnetite + hematitegroup IOA deposits from magnetite-group IOCG deposits show a diverse composition and overlap the field of magnetite-group IOA deposits (Fig. 9d) . VIP plot for PLS-DA of EPMA data in Fig. 9b indicates that Si, Mg, and V are important elements discriminating hematite-group IOCG deposits and magnetite-group IOA deposits (Fig. 9e) . Aluminum and Ti are the most important elements to distinguish between magnetite + hematite-group IOA deposits, whereas Mn is the important element for discriminating magnetite-group IOCG deposits (Fig. 9e) . The VIP diagram for PLS-DA of LA-ICP-MS data in Fig. 9d indicates that Pb and Ti are important factors discriminating all the deposit subtypes (Fig. 9f) . In separation of hematite-group IOCG deposits, Sn, Ga, Mn, and Ni are the most important, whereas Al and Sc are important for other three deposit subtypes (Fig. 9f) . Tungsten, Nb, and Cr are important variables discriminating hematite-group IOCG deposits and magnetite-group IOCG deposits (Fig. 9f) .
Alteration types
PLS-DA of EPMA data (Fig. 10a, b) shows that iron oxides formed by high-temperature and low-temperature K-Fe alteration are separated by qw* 1 from those formed by hightemperature Ca-Fe alteration (Fig. 10a) . Despite the formation of overlapping clusters in Fig. 10b , iron oxides from hightemperature Ca-Fe alteration mostly plot in the high t 1 region because of correlated Mg and V, whereas those from lowtemperature K-Fe alteration have negative t 1 values due to covariation of Si, Ca, and Ti (Fig. 10a, b) . Variation in Mn, Si, and Ti compositions of iron oxides separate high-and lowtemperature K-Fe alteration classes (Fig. 10a) . In comparison with the EPMA data, PLS-DA of LA-ICP-MS data results in a better classification of samples of various alteration types (Fig. 10b) . This is likely due to the larger number of LA-ICP-MS variables. Samples from the high-temperature CaFe alteration are characterized by covariation of V and Ni (Fig. 10c) and plot in the positive t 1 and t 2 region (Fig. 10d) , whereas low-temperature K-Fe alteration shows correlated Nb, W, and Zr (Fig. 10c) and plot in the positive t 1 and negative t 2 region (Fig. 10d) . Samples from high-temperature KFe alteration plot in the negative t 2 side due to correlated Mn, Ge, Cr, and Zn (Fig. 10c, d ). The VIP plot for PLS-DA of EPMA data in Fig. 10a indicates that Mn and V are the most important elements in the classification of all classes (Fig. 10e) . The VIP plot for PLS-DA of LA-ICP-MS data shows that V and Ni are main contributors in separation of different sample classes in Fig. 10d . Germanium, W, Mn, and Zn are discriminants for both high-temperature Ca-Fe and K-Fe alteration (Fig. 10f) , whereas Pb, Sn, Nb, Mo, and Ti are the most important elements in the classification of lowtemperature K-Fe alteration (Fig. 10f) .
Discussion
Magnetite and hematite from IOCG and IOA deposits contain minor and trace elements from below detection limit to a few percent. These elements are structurally incorporated into magnetite/hematite or form micrometer to nanometer mineral inclusions (Lindsley 1976; Wechsler et al. 1984; Huberty et al. 2012; Xu et al. 2014; Nadoll et al. 2014; Deditius et al. 2018) . Magnetite has an inverse spinel structure with the general formula AB 2 O 4 , where A is divalent and B is trivalent. Nadoll et al. (2014) (Goldschmidt 1958) . They suggested that Mg, Mn, Zn, Co, and Ni may substitute for Fe 2+ , whereas Al, Ga, and As substitute for Fe 3+ (Nadoll et al. 2014) . Tetravalent ions such as Ti 4+ may occupy the Fe 3+ site by coupled substitution with a divalent cation (Wechsler et al. 1984) . Vanadium, Cr, and Mn have different valences, and their incorporation depends on oxygen fugacity (Lindsley1976; Sievwright et al. 2017; Sossi et al. 2018) . Relatively high trace element contents in zoned magnetite from the Los Colorados IOA deposit have been shown to contain micrometer to nanometer mineral inclusions (Deditius et al. 2018) . Nanometer-scale particles in trace element-rich zones are caused by local mineral supersaturation in hydrothermal fluids during crystallization of host magnetite (Deditius et al. 2018) . If the inclusions formed under equilibrium conditions, then the micrometer-scale domains sampled by EPMA and LA-ICP-MS should provide information about the fluid composition. In contrast, if inclusions formed under disequilibrium conditions, then large variations in trace element contents are expected to characterize the iron oxide composition measured by EPMA and LA-ICP-MS.
Iron oxide trace element composition of IOCG (Carew 2004; Rusk et al. 2009 Rusk et al. , 2010 Dupuis and Beaudoin 2011; Zhang et al. 2011; Acosta-Góngora et al. 2014; Chen et al. 2015; De Toni 2016) and IOA (Müller et al. 2003; Knipping et al. 2015a, b; Heidarian et al. 2016; Velasco et al. 2016; Broughm et al. 2017 ) deposits have been reported. In most studies, the trace element composition of iron oxides is used to discuss the factors controlling compositional variations and the formation of mineralization. In addition, based on compositional differences between ore-related and barren magnetite, it can be used as an indicator mineral in the exploration for IOCG deposits (Carew 2004; Rusk et al. 2009 Rusk et al. , 2010 Acosta-Góngora et al. 2014 ). Dupuis and Beaudoin (2011) investigated trace element compositions of magnetite and hematite from ten IOCG and seven IOA deposits using EPMA and constructed binary diagrams to discriminate these deposit types. However, due to the detection limits of EPMA, several trace elements in magnetite and hematite could not be measured. Moreover, some magnetite in IOA deposits experienced re-equilibration processes, complicating the application of these discrimination diagrams (Heidarian et al. 2016; Broughm et al. 2017 ). Acosta-Góngora et al. (2016) linked trace element data of magnetite from IOCG deposits in the Great Bear magmatic zone (Canada) to IOCG alteration types. However, due to limited data and alteration types, the relationship between magnetite chemistry and alteration types needs further constraints. Thus, this study combines EPMA and LA-ICP-MS data of magnetite and hematite from worldwide IOCG and IOA deposits to discuss the controlling factors of the iron oxide chemistry and its relationship to alteration types and IOCG and IOA deposit subtypes.
Comparison of magnetite and hematite composition
For most IOCG and IOA deposits, magnetite is commonly replaced by hematite to form martite, whereas the replacement of hematite by magnetite (mushketovite) is less common. It has been shown that most spinel-forming elements, except Mg, are retained during martitization under moderate-temperature hydrothermal oxidation (Sidhu et al. 1981; Angerer et al. 2012 ). However, Cornell and Schwertmann (2003) showed that the martitization process can expel divalent cations due to their incompatible valency and ionic radii. The reduction of hematite to magnetite involves reductive dissolution of hematite iron to Fe 2+ (aq) followed by non-redox reaction of hematite and Fe 2+ (aq) to magnetite in low temperature (100-250°C) hydrothermal systems (Ohmoto 2003; Otake et al. 2010) . In high-temperature hydrothermal environment (350-570°C), hematite can be transformed to magnetite via reductive dissolution of hematite by hydrogen or iron metal (Matthews 1976) . Magnetite and hematite from IOA deposits, Rektorn, Pea Ridge, Pilot Knob, and Lyon Mountain, show similar bulk continental crust normalized trace element patterns (Online Resource 6). This indicates that magnetite and hematite in a deposit share the same origin. Oxygen fugacity-sensitive elements, such as V, also show indistinguishable concentrations between magnetite and hematite from these deposits (Online Resource 6), implying relatively stable oxygen fugacity conditions or transformation of magnetite-hematite by non-redox reactions (Swann and Tighe 1977; Ohmoto 2003) . This conclusion is similar to previous results showing no systematic variations in trace element composition between magnetite and hematite at a deposit scale (Dupuis and Beaudoin 2011; Huang et al. 2015b) . Considering the similar chemical composition of magnetite and hematite in a deposit, they are discussed together thereafter.
Effect of oxygen fugacity and temperature on iron oxide chemistry
As reviewed by Nadoll et al. (2014) , various factors likely control trace element incorporation in hydrothermal magnetite from different types of deposits. Although there are limited studies on the partitioning of trace elements between magnetite and hydrothermal fluids (Ilton and Eugster 1989) , it is generally considered that the same factors controlling trace elements in igneous-derived magnetite (e.g., fluid/melt composition, temperature, pressure, cooling rate, oxygen fugacity, sulfur fugacity, and silica activity) also control partitioning of trace elements in magnetite under high-to low-temperature hydrothermal conditions, with the additional parameter of fluid-rock reactions (Putnis and Austrheim 2013; Dare et al. 2014; Nadoll et al. 2014) . Vanadium and Sn can occur in various valency states (V 3+ , V 4+ , V 5+ , Sn 2+ , Sn 4+ ) and, as such, are sensitive to oxygen fugacity in silicate melts (Goldschmidt 1958; Toplis and Corgne 2002; Righter et al. 2006; Sievwright et al. 2017) . For example, increasing oxygen fugacity decreases the partition coefficient of V, but not of Co and Ni, for magnetite in an iron-rich melt/liquid (Toplis and Corgne 2002; Righter et al. 2006; Sievwright et al. 2017) , whereas Sn is readily partitioned into magnetite under more oxidized condition (Goldschmidt 1958; Carew 2004) . Carew (2004) ascribed the decreasing V concentration in magnetite from K-Fe alteration to Cu-Au mineralization at Ernest Henry to a progressive increase in oxygen fugacity of fluids. From high-temperature CaFe to K-Fe, and to low-temperature K-Fe alteration, V contents in iron oxides decrease and Sn contents increase (Fig. 6c, d ), which may be due to the decreasing temperature and increasing oxygen fugacity during the evolution of hydrothermal alteration . Moreover, iron oxides from magnetite-group IOCG deposits, regarded to form at higher temperature (generally > 350°C) and under relatively more reducing conditions (Williams 2010a) , have higher V and lower Sn contents than those from hematite-group IOCG deposits (Fig. 6a, b) , which are considered to have formed at lower temperature (~200-350°C) and under relatively more oxidized conditions (Williams 2010a) . Similarly, iron oxides from magnetitegroup IOA deposits have higher V and lower Sn contents than those from magnetite + hematite-group IOA deposits (Fig. 6a, b) . These regular variations in V and Sn contents between different deposit subtypes are most likely due to the evolving oxygen fugacity and temperature of the hydrothermal systems.
Effect of co-precipitating minerals on iron oxide chemistry
Minerals co-crystallizing with iron oxides will affect their trace element composition. For example, sulfide minerals preferentially incorporate chalcophile (e.g., Cu, Pb, Zn, As, Ag, Sb) and siderophile elements (e.g., Ni, platinumgroup elements) (Cygan and Candela 1995; Fleet et al. 1996; Simon et al. 2008) , whereas lithophile elements, such as Mg, Al, and Ti, partition into silicates (Frost 1991; Toplis and Corgne 2002) . For magnetite crystallized from a Fe-rich sulfide liquid, Ni, Co, Zn, Mo, Sn, and Pb have lower abundance in co-precipitating magnetite because these elements partition into co-crystallizing sulfides . Because Ni, Mo, and Co are compatible in Fe-rich monosulfide solution (MSS) but incompatible in Cu-rich intermediate solid solution (ISS), magnetite crystallized from MSS is depleted in these elements relative to those crystallized from Cu-rich ISS in which Fe-sulfides are scarce . Such behavior is also observed within metasomatic systems. For example, at the Kwyjibo deposit, magnetite (sample KJ2) associated with chalcopyrite and pyrite has lower Co content, but similar Ni, than magnetite (samples KJ1, 3) associated with chalcopyrite only (Online Resources 5 and 6), suggesting that co-precipitating pyrite can significantly affect the Co content in magnetite. This is consistent with previous conclusions of Carew (2004) and Huang et al. (2014) that the presence or absence of pyrite in the mineral assemblage significantly affects the Co content, but has little effect on Ni in magnetite. It is also consistent with pyrite (and arsenopyrite) in mineral assemblages with Co-rich and Cudeficient metal associations in high-temperature Ca-K-Fe alteration (Corriveau et al. , 2017 . Compared to IOCG deposits, sulfide-deficient IOA deposits iron oxides are co-precipitated with minor Fe-dominant sulfides, yielding iron oxides with higher Pb and Ni contents (Fig. 8c, d ), suggesting that Pb and Ni in IOCG iron oxides are depleted by co-precipitating pyrite and/or pyrrhotite. However, the higher Cu, Mo, and Zn contents in IOCG iron oxides are inconsistent with partitioning in co-precipitating sulfides. This may be due to the fact that the Cu-bearing sulfides tend to be paragenetically later than magnetite in IOCG system (Williams et al. 2005; Zhao and Zhou 2011) .
Effect of host rocks on iron oxide chemistry
The relative enrichment of Mg ± Mn in sample F392 from the Igarapé Bahia deposit, sample 11CC051 from the Salobo deposit, and sample Ehenry2 from the Ernest Henry deposit (Online Resource 5) could reflect differences in fluid chemistry and the evolution of the alteration facies. It has been demonstrated that elements such as Mg and Mn can be progressively enriched in hydrothermal fluids by extensive fluid/rock interactions (Einaudi et al. 1981; Meinert et al. 2005) , which is reflected in high Mg, Mn, Ca, and Si concentrations in skarn magnetite (AcostaGongora et al. 2014; Dupuis and Beaudoin 2011; Nadoll et al. 2015; Zhao and Zhou 2015; Huang et al. 2016) . In parallel, it has been demonstrated that in evolving iron oxide alkali-calcic alteration systems, early skarn with high Mg is gradually replaced by the high-temperature Ca-Fe alteration facie, resulting in leaching of Mg from skarn and its transfer to the fluid (Corriveau et al. , 2017 . The varying degrees of interaction between hydrothermal fluids and carbonate country rocks of skarn deposit and their subsequent replacement by more evolved alteration facies can thus explain the various Mg and/or Mn contents of samples in one deposit.
Concentrations of V, Co, Ni, and Cr in magnetite can reflect the composition of host rocks and of the alteration facies (Carew 2004; Acosta-Góngora et al. 2014; Corriveau et al. 2016 Corriveau et al. , 2017 . Lack of geochemical data for host rocks of the studied samples prevents comparison with iron oxide compositions. The host rocks have an original control on alteration facies as well as on the metal budget of fluids through extensive leaching of host rocks during early albitization and high-temperature Ca-Fe alteration facies (Corriveau et al. , 2017 , which impact on iron oxide chemistry as shown by the PLS-DA results (Fig. 7) . Samples hosted in granitic rocks are characterized by higher Pb, Ge, Sn, Cu, Mn, and Zn contents and lower V, Ni, and Cr contents (Fig. 7c, d) , which is consistent with magnetite precipitated from metasomatic alteration related to granitic host rocks, which has elevated W, Pb, As, Mo, and Sn (Nadoll et al. 2014) . Samples hosted by volcano-sedimentary and volcanic rocks can be discriminated by higher V, Ni, and Cr (Fig. 7d) , indicating that iron oxide chemistry is partly dependent on the host rock composition of systems hosting IOCG and IOA deposits.
Relationship between deposit subtypes and iron oxide chemistry
In this section, we link the chemical composition of iron oxides with deposit subtypes defined by Williams (2010a) . Iron oxides from different subtypes of IOCG and IOA deposits have different trace element compositions. Iron oxides from the hematite-group IOCG deposits are characterized by high Si, K, Ca, Al, Pb, Zr, Ge, W, Sn, Sc, Nb, Cu, and Mo but low Ga, Mn, Mg, Zn, Co, V, and Ni, whereas those from magnetite-group IOCG deposits have relatively low Pb, Zr, and Hf and high Ga, Mn, Zn, Ni, and Cr (Fig. 6a, b) . Hematite-group IOCG deposits are typically associated with sericite and/or chlorite-(quartz-albite-carbonate) alteration that developed at temperatures between 200 and 350°C, whereas magnetite-group IOCG deposits formed in deeper crustal settings and are associated with medium to high temperature (generally > 350°C) silicate alteration assemblages (Williams et al. 2005; . The relative depletion of compatible elements (Ga, Mn, Zn, Co, Ni, Cr) in hematite-group IOCG deposits iron oxides most likely results from the lower temperature solubility of these elements in fluids (Nadoll et al. 2012 (Nadoll et al. , 2014 Dare et al. 2014 ). As discussed above, the higher Sn, and lower V, in iron oxides from the hematitegroup IOCG deposits are due to higher oxygen fugacity. Higher contents of incompatible elements (Zr, Ge, W, Sn, Sc, Nb, Cu) in iron oxides from the hematite-group IOCG deposits may partly result from reaction with granitic host rocks or water/rock exchange. Iron oxides from the magnetite-group IOA deposits have relatively high Mg, Co, and V and low Si, K, Ca, W, Sn, Nb, and Mo contents, whereas those from magnetite + hematite-group IOA deposits have relatively high Zr, W, Sn, Sc, and Ti, but low Al and Mg contents (Fig. 6a, b) . The compositional differences between iron oxides from magnetite-group and magnetite + hematite-group IOA deposits may be also due to different temperature and oxygen fugacity.
PLS-DA of EPMA and LA-ICP-MS iron oxide compositional data shows that hematite-group IOCG deposits, magnetite-group and magnetite + hematite-group IOA deposits have distinct compositional characteristics (Fig. 9b,  d ). Iron oxides from magnetite-group IOCG deposits show a compositional diversity and overlap with those from hematitegroup and magnetite + hematite-group IOCG deposits (Fig. 9b) . Magnetite-group IOCG deposits have diverse silicate alteration assemblages, including high temperature KFe-(Mn-Ba) and high temperature Ca-Fe-Mg-(Na) (Williams 2010a) . For samples in this study, magnetitegroup IOCG deposits cover both high-temperature K-Fe and Ca-Fe alteration types (Online Resource 2). These two alteration types have different geochemical signatures (Montreuil et al. 2013; Corriveau et al. 2016 Corriveau et al. , 2017 , which are also recorded in iron oxide composition (Fig. 10b, d) . Therefore, the diverse chemical composition of magnetite-group IOCG deposits may partly result from prograding alteration from the high-temperature Ca-Fe or Ca-K-Fe to high-temperature KFe alteration facies.
Relationship between alteration types and iron oxide chemistry Corriveau et al. (2010 Corriveau et al. ( , 2016 and Montreuil et al. (2013 Montreuil et al. ( , 2016 demonstrated that each alteration type of IOCG systems in the Great Bear magmatic zone has a systematic and diagnostic geochemical signature, which is largely independent of the protolith. In general, K and K-Fe alteration is rich in K, Al, Ba, Si, Rb, Zr, Ta, Nb, Th, and U, whereas Ca-Fe alteration is rich in Ca, Fe, Mn, Mg, Zn, Ni, and Co (Montreuil et al. 2013 ). In addition, transitional alteration facies (high-temperature Ca-K-Fe, skarns, and K-skarns) have been shown to have distinct mineral and metal associations (Corriveau et al. , 2017 . In this section, we relate iron oxide chemistry to IOCG alteration types defined by Corriveau et al. (2010 Corriveau et al. ( , 2016 and evaluate whether the chemical composition of magnetite can serve as a proxy of geochemical signatures of hydrothermal alteration types.
As shown in Fig. 6c, d , iron oxides from the hightemperature Ca-Fe (including some transitional hightemperature Ca-K-Fe), high-temperature K-Fe, and lowtemperature K-Fe alteration facies have characteristic trace element compositions. The relative enrichment of Mg, Co, and Ni in iron oxides from the high-temperature Ca-Fe alteration facies is consistent with the interpretation that fluids forming Ca-Fe alteration are rich in Ca, Fe, Mn, Mg, Zn, Ni, and Co (Montreuil et al. 2013; . The relative enrichment of Si, K, and Al in iron oxides from both high-temperature and low-temperature K-Fe alteration is consistent with these hydrothermal fluids being rich in K, Al, Ba, Si, Rb, Zr, Ta, Nb, Th, and U (Montreuil et al. 2013) .
PLS-DA results of EPMA data show that iron oxides from the high-temperature Ca-Fe alteration can be separated from high-temperature and low-temperature K-Fe alteration due to correlated Mg and V and inversely correlated Si, Al, and Mn (Fig. 10a, b) . This is consistent with the average trace element composition of iron oxides for different types of alteration (Fig. 6c, d ). Iron oxides from lowtemperature K-Fe alteration can be discriminated from high-temperature K-Fe alteration due to correlated W, Sn, Nb, Mo, and Zr (Fig. 10c, d ). This indicates that trace element composition of iron oxides reflect fluid composition that evolved to form various alteration types.
Relationship between IOCG and IOA deposits
The relationship between IOCG and IOA deposits remains open to debate. The IOA deposits were classified as a subtype of IOCG deposits in terms of their similarities in tectonic setting, association with igneous activity, mineralogy, and alteration (Hitzman et al. 1992) . IOCG and IOA deposits are also considered to represent similar products of magmatic-hydrothermal systems derived from hightemperature calc-alkaline melts variably contaminated by Fe-P-Si-rich crustal rocks and evolving to A-type granites (Hitzman et al. 1992; Rhodes et al. 1999; Sillitoe and Burrows 2002; Corriveau et al. 2007; Tornos 2011) . Based on trace element geochemistry of magnetite, Broughm et al. (2017) suggested that magnetite-apatite ores at Kiruna formed from hydrothermal fluids or by post-ore metamorphic or metasomatic alteration. In contrast to the hydrothermal model, a magmatic model was proposed for the formation of IOA deposits where magnetite was crystallized from high-temperature, volatile-rich oxide melts (Nyström and Henríquez 1994; Frietsch and Perdahl 1995; Henríquez and Nyström 1998; Naslund et al. 2002; Henríquez et al. 2003; Velasco et al. 2016 ). Knipping et al. (2015a, b) proposed a model for IOA formation by flotation of magmatic magnetite suspensions explaining the change from purely magmatic to magmatic-hydrothermal magnetite at Los Colorados (Chile), in which IOA deposits are interpreted to represent the deeper roots of an Andean IOCG system (Sillitoe 2003) . This model is also supported by trace element geochemistry of pyrite from the same deposit (Reich et al. 2016) . If some authors conclude that currently available data are inadequate to argue for or against a direct process link between IOA and IOCG deposits (Williams 2010b) , others have been able to map the transition from IOA to IOCG mineralization and their associated alteration facies Corriveau et al. 2016; Montreuil et al. 2016; Ehrig et al. 2017) . In this section, we compare trace element compositions of iron oxides between IOCG and IOA deposits and investigate the possible relationship between them.
Magnetite-group IOCG deposits overlap to some extent with magnetite and magnetite + hematite IOA deposits in the t 1 -t 2 space defined by EPMA data (Fig. 9b) , due to the similar chemistry of their iron oxides in terms of Si, Al, Mg, Mn, Ca, V, and Ti. A compositional overlap between IOCG and IOA deposits also exist for the limited number of chemical variables from EPMA data (Fig. 8b ). In contrast, the larger number of trace elements measured by LA-ICP-MS allows discriminating IOCG from IOA deposits (Fig. 8c, d ). For example, samples from IOCG deposits are characterized by higher Si, Al, Ge, Nb, Cu, Mo, Ga, and Zn contents, whereas those from IOA deposits show higher Mg, Ti, V, Pb, and Sc contents (Fig. 8c, d ). The higher Ti and V contents in iron oxides from IOA compared to IOCG deposits are important discrimination factors for these two types of deposits (Dupuis and Beaudoin 2011) . Because Ti + V content in magnetite is a function of temperature and oxygen fugacity (Nadoll et al. 2014 (Nadoll et al. , 2015 , the higher Ti + V content in iron oxides from IOA deposits is likely to reflect higher formation temperature and oxygen fugacity. The similar alteration types (e.g., CaFe alteration) and overlapping magnetite chemistry between IOCG and IOA deposits (Figs. 8b, 9b, d, and 11b) are permissive evidence for a genetic link between IOCG and IOA deposits despite formation under different temperatures and oxygen fugacity conditions. Whether IOCG and IOA deposits formed at different stages of a common magmatic or magmatic-hydrothermal system, or that they formed separately, remains unresolved based on iron oxide chemistry.
Comparison of IOCG and IOA iron oxide composition with other deposit types Makvandi et al. (2016b) showed that PLS-DA is a robust classification method to distinguish the chemical composition of magnetite from different VMS settings, as well as different types of mineral deposits. Iron oxides from IOCG and IOA deposits overlap together in the t 1 -t 2 plot (Fig. 11a, b) , consistent with lack of discrimination using trace elements measured by EPMA (Fig. 8a, b) . IOCG and IOA deposits are separated from porphyry, VMS, VMS-related BIF, and NiCu sulfide deposits using their iron oxide chemistry ( Fig. 11b-d) . Iron oxides from porphyry Cu deposits plot at low t 1 values relative to IOCG deposits and IOA deposits (Fig. 11b) , as a result of covariation of Si, Ca, Al, Co, and Ti (Fig. 11e) . Ni-Cu sulfide deposits can be discriminated from other types of deposits due to positive t 2 from correlated Ni and inversely correlated Si, Ca, Al, Mn, Mg, Ti, Zn, and Co in magnetite (Fig. 11f) . This is consistent with the results of Dupuis and Beaudoin (2011) that iron oxides from Ni-Cu sulfide deposits are relatively rich in Ni and Cr but depleted in Si and Mg, and thus explaining why the Ni + Cr versus Si + Mg diagram is useful to discriminate Ni-Cu sulfide deposits from other types of deposits . Iron oxides from VMS deposits and VMS-related BIF are separated from those from other types of deposits by t 2 due to correlated Ca but inversely correlated Ni (Fig. 11g, h) , consistent with the results of Makvandi et al. (2016b) . The VIP plot indicates that Si and Zn are important discriminator elements for all the selected deposit types but VMS and VMS-related BIF (Fig. 11i) . The relative depletion of Si and Zn in VMS and VMS-related BIF is possibly due to the strong partitioning of Si in quartz and Zn in sphalerite, co-precipitated with magnetite. Calcium is an important discriminating element for all deposit types (Fig. 11i) . Aluminum is important in discriminating IOCG, porphyry, and Ni-Cu sulfide deposits, perhaps because these deposits are magma-related (Fig. 11i) . Titanium is important to discriminate VMS, VMS-related BIF, and IOA deposits (Fig. 11i) . Nickel is the important discriminant element for IOA, VMS deposits, and VMS-related BIF (Fig. 11i) . IOA deposits are Fe-sulfide deficient compared to VMS system, such that Ni partitions in magnetite. The relative depletion of Ni in magnetite from VMS deposits and VMS-related BIF is possibly due to partitioning of Ni into pyrrhotite coprecipitating with magnetite (Makvandi et al. 2016a) . , VMS deposits and VMS-related BIF (Makvandi et al. 2016a, b) 
Conclusions
The trace element composition of iron oxides from IOCG and IOA deposits is controlled by oxygen fugacity, temperature, co-precipitating minerals (mainly Fe-sulfides), and host rocks particularly granitic. The iron oxide chemistry is not related to the iron oxide mineralogy (magnetite vs. hematite) in the same deposit but closely related to alteration and deposit types. The trace element composition of iron oxides can thus serve as a proxy for hydrothermal alteration and deposit types. Iron oxides from high-temperature Ca-Fe alteration can be separated from those from high-and low-temperature K-Fe alteration by higher Mg and V contents, whereas iron oxides from lowtemperature K-Fe alteration can be discriminated from hightemperature K-Fe alteration by higher W, Sn, Nb, Mo, and Zr contents. The iron oxide compositions of hematite IOCG, magnetite IOA, and magnetite + hematite IOA deposits can be classified, whereas magnetite IOCG deposits overlap with the three other deposit subtypes. The compositional diversity of iron oxides from magnetite IOCG deposits may be due to the incremental development of high-temperature Ca-Fe and K-Fe alteration associated with these deposits. The overlapping chemical composition of iron oxides from IOCG and IOA deposits are permissive evidence for a genetic link between them despite formation under different temperatures and oxygen fugacity conditions.
